Abstract The decrease of organic matter content in agricultural soils is a problem of great concern to farmers around the world. Indeed, it lowers soil fertility that directly impairs agricultural crop production and affects a number of other soil properties like water retention capacity, aggregation and structure formation, soil mechanical strength or compactibility. Scarcity in plant available water poses a risk to agriculture, especially in drought-prone areas. However, the increase of organic waste recycling in agriculture may also lead to an increase in soil organic matter contents and to changes in related soil properties. Here, we review 17 long-term field experiments (≥9 years) that investigated the effects of organic amendments on organic carbon and water availability in topsoils. We paid particular attention to the effects of added organic matter on soil bulk density or porosity and consequently on plant available water. Our main findings are that (1) plant available water generally improves after organic waste addition (relative changes from −10 to +30 vol%; p = 0.052), (2) organic matter quality affects changes in organic carbon (p < 0.05), (3) it is more suitable for plant available water quantification to use volumetric rather than gravimetric water con-
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Introduction
The use of organic wastes in agriculture provides the opportunity to simultaneously increase soil productivity and potentially offer a more sustainable way of dealing with organic wastes. From the agricultural productivity point of view, the problem was exemplary formulated by Amundson et al. (2015) : "Given little opportunity or desirability for further agricultural expansion, stewardship of our existing domesticated soil is essential for sustained human prosperity". Many recent studies highlight the importance of soil organic matter (OM) with regard to climate change (Adewopo et al. 2014; Amundson et al. 2015; Baveye 2015; Lin 2014) . Moreover, among the grand challenges in research on soil processes, also the need for modified agricultural practices in order to improve water and nutrient retention of the cropped soil layer was expressed by Baveye (2015) . According to Sposito (2013) , an increase in available green water (i.e. soil water directly available to plant roots) is even more so important, since the increase in agricultural food production will have to be met by increased yields per area and not via land use change. However, according to climate change predictions, some areas are likely to encounter decreased precipitation and increased temperatures as stated by the Intergovernmental Panel on Climate Change (IPCC 2007) , while water availability for irrigation is likely to decrease due to overall higher demand (Monaco et al. 2014; Bouma et al. 2015) . Organic wastes from various sources have traditionally been and are currently being used as amendments in agriculture (Khaleel et al. 1981) . Manures and plant residues have been traditionally incorporated into the soil (e.g. Fig. 1 ) to maintain soil organic carbon (OC) levels and improve soil properties that are affected by OC contents. Other organic materials, like processing wastes, municipal solid waste, green wastes or sewage sludge, can also be turned into valuable resources, e.g. by composting and subsequent application to agricultural soil (e.g. Diacono and Montemurro 2010) . At the same time, this practice satisfies the demand for waste recycling (Amundson et al. 2015) , consequently reducing the amount of waste being incinerated or deposited in landfills (Diacono and Montemurro 2010) . Moreover, organic wastes contain various nutrients, which can reduce the need for mineral fertilizers, which is particularly important in regard to declining mineral fertilizer resources e.g. of phosphorus (Adewopo et al. 2014; Amundson et al. 2015) .
Quantity and quality of the applied exogenous OM (i.e. OM applied with the amendments) affect soil properties (Diacono and Montemurro 2010) and hence need to be considered, when planning field applications. Manure additions for up to more than 100 years increased soil OC in a silty clay loam in Rothamsted, the oldest agricultural long-term experiment of the world (Johnston 1986 ); similar observations were reported in a review on a variety of experiments (Haynes and Naidu 1998) . Also, shorter-term studies mention this positive effect on soil OC, like a 15-year experiment in Davis, CA, with compost additions (Eden et al. 2012a ) or a 7-year study in Sao Paulo, Brazil, with sewage sludge applications (Bueno et al. 2011 ). Khaleel et al. (1981 reported a significant reduction in soil bulk density at increasing soil OC contents for different amendments, application rates and soil types. Their findings regarding bulk density were corroborated by Anderson et al. (1990) on a 100-year experiment with annual manure additions at a rate of 13.5 t/ha. Several recent studies found that total water holding capacity or total porosity was larger in long-term organically amended soils than in unamended soils (Bastida et al. 2007; Rasool et al. 2008; Riley et al. 2008; Zhao et al. 2009 ). Also, Khaleel et al. (1981) cited numerous studies that found an increase in the water holding capacity with increasing soil OC content following long-term organic waste applications. Tittarelli et al. (2007) summarized the ideal characteristics of organic amendments like compost mentioning also a high degree of OM stability, which they regard as a key issue of compost quality. Haynes and Naidu (1998) highlighted the importance of exogenous OM quality in their review, and soil OC increased more with additions of composted than fresh materials. Also, the composition (i.e. quality) of the soil OM was found to be affected by long-term farmyard manure application since 1878 for the experiment in Halle (Kaiser et al. Fig. 1 Spreading of biocompost in the long-term experiment Qualiagro in Feucherolles, France. The experiment was established in 1998 on silt loam soil; four organic wastes are applied every other year in fall. For location, see Fig. 3 ; for more details, see Table 1 (photo by Sabine Houot) 2007). Cass and McGrath (2005) discussed the importance of compost quality, possible risks and benefits related to its application and stated that the effectiveness of OM quantity on structural stability was short-lived. However, a study on silty soil found that addition of urban composts and manure for 9 years improved aggregate stability (Annabi et al. 2011) . Abiven et al. (2009) reviewed the effects of organic inputs on aggregate stability, validating an older model (Monnier 1965) by confirming that easily decomposable products have an intense and transient effect while more recalcitrant products have a lower but longer-term effect. Aggregate stability is a key factor of soil physical fertility and soil structure (Diacono and Montemurro 2010) and thus of pore structure, which affects soil water retention. Moreover, soil water retention is influenced by OM quality in terms of its wettability and its ability to retain water (Ojeda et al. 2015) . However, two recent studies (Ajayi et al. 2016; Liyanage and Leelamanie 2016) adding hydrophobic organic amendments to soil under laboratory conditions both found increases in plant available water, which was ascribed to improved stabilization of aggregates allowing for better water retention (Liyanage and Leelamanie 2016) .
The concept of plant available water (PAW) was described as early as 1927 in Davis, CA, when Veihmeyer and Hendrickson (1927) found out that some 48 h after irrigation, further downward movement of water became negligibly small and soil water content approached field capacity (FC) and that the water uptake of trees was not affected until wilting point (WP) was reached. However, according to Hudson (1994) for several decades to come and in spite of contradictory findings, OM was often incorrectly assumed to have no impact on PAW, as increases at FC were presumably counterbalanced by those at WP, or PAW increases were discounted as exceptions to the rule. Olness and Archer (2005) stated that Hudson (1994) "was really the first to illustrate the complexity of the effect of OC on soil water retention" estimating increases in available soil water between 2.2 and 3.7% for every unit percent increase in OC. More details on the theory of available water capacity and its historical development can be found in Minasny and McBratney (2003) . PAW was found to increase in organically amended soils in recent short-term (<9 years) (Foley and Cooperband 2002; Ozenc and Ozenc 2008) and long-term (>9 years) (Shukla et al. 2004; Zhao et al. 2009 ) studies; however, also, reductions in PAW were observed (Herencia et al. 2011) . Differences in the increase of PAW have been observed as a result of the type of amendment (i.e. manure vs. plant residues) (Olness and Archer 2005) .
Even though many articles focus on the influence of organic wastes on soil, only few of them are based on long-term studies. The duration of field experiments is essential as only longer-term studies can capture all the complex effects of OC on e.g. soil structure, which may evolve slowly, over years (Diacono and Montemurro 2010) . In this respect, long-term experiments are essential as their results can be used to better understand how to maintain and increase crop production while maintaining soil quality (Körschens 2006) . Such field experiments are particularly appropriate for the analyses of long-term dynamics of soil water retention (Huntington 2006) and other soil properties.
The focus of this paper was to review and analyse the impact of the application of organic wastes in agriculture on water retention between FC and WP, which determines the amount of soil water available for plants in the topsoil, where amendments are incorporated. Results from 17 field experiments are used for comparisons regarding the impact of organic waste application. In this context, PAW is related to the change in soil OC content, which is used as a key parameter, reflecting the direct impact of organic waste applications. Moreover, PAW greatly depends on the choice of matric potential for FC; this also presents an issue. The review includes recently published data from long-term field experiments with organic waste applications and unamended control plots that were continuing for a period of at least 9 years.
The novelty of this review, especially compared to that by Khaleel et al. (1981) , comprises several aspects: (i) it is based on recently published data, (ii) it considers not only quantity but also quality of exogenous OM applied, (iii) it is based on volumetric instead of gravimetric water content, and (vi) it applies pedotransfer functions to predict the water contents of interest. As such, this review addresses UN Sustainable Development Goals 2 (End hunger, achieve food security and improved nutrition and promote sustainable agriculture), 6 (Ensure availability and sustainable management of water and sanitation for all), 12 (Ensure sustainable consumption and production patterns), 13 (Take urgent action to combat climate change and its impacts) and 15 (Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss) (UN 2014).
Field capacity and wilting point
Soil water retention and PAW (also called available water capacity) are largely dependent on soil structure (or poresize distribution), texture (or particle-size distribution), bulk density and OC content (Pollacco 2008; Wosten et al. 2001) . Rawls et al. (2003) proposed pedotransfer functions (PTFs) based on data from North American soils, accounting for the effect of texture and OC at two points: FC at a matric potential of −33 kPa (∼pF 2.5) and WP at −1500 kPa (∼pF 4.2). The results of these PTFs were found to be transferable (location) and satisfactory for prediction of FC and WP of Swedish soils (Katterer et al. 2006) . FC characterizes a soil moisture status with small water movement when all larger pores are drained, the matric potential depends on soil and pore structure in the range of pF 2 to pF ∼2.5 (Brady and Weil 2008; Huntington 2006) , and bulk density is also relevant (Bruand et al. 1996) . At WP, the remaining soil moisture is assumed to be unavailable to plants; the difference between FC and WP is defined as PAW. Equivalent pore sizes (diameter, d (μm) ) at the respective matric potentials, ψ, in hPa can be calculated with the capillary rise equation as stated in e.g. Eden et al. (2011) :
FC varies between soils depending on soil texture and structure, and in addition, FC can be affected by the groundwater table for soils near it; however, this was disregarded for the present studies. Al Majou et al. (2008) showed that in situ volumetric water content at FC approximated −10 kPa (pF 2) when comparing it to water content measurements at various matric potentials in the laboratory, but field conditions are not entirely replicated in the laboratory (e.g. Marshall 1959 ). Nonetheless, when determining the water retention curve or PAW specifically, a threshold value of pF 2.5 for FC is more often reported than pF 2 in studies on the impact of organic waste applications on soil physical properties (Khaleel et al. 1981 ).
Plant available water
The water retention capacity can be influenced e.g. by exogenous OM addition, which has multiple effects. The structureforming potential (aggregation) of OM can increase water retention at FC via formation of larger pores. OM has a low bulk density (Rawls 1983) , which can reduce soil bulk density. Moreover, OM has a relatively large surface area (Khaleel et al. 1981) , possibly retaining more water also at high suctions (close to WP). Whether OM is of hydrophilic or hydrophobic nature also affects soil water retention (Bachmann et al. 2006) , an additional reason why in spite of increased OC contents, reductions in the actual water holding capacity may possibly occur in studies under field conditions. A review by Kay (1997) discussed the impact of OC on soil structure, pointing out that increasing OC leads to an increase in available water capacity. Cogger (2005) demonstrated that the full range between FC and WP may only be relevant in droughttolerant areas, while in other regions, only the water held at the wetter end of this range should be considered as plant available, e.g. up to −200 kPa (pF 3.3). A different concept, the least limiting water range (LLWR) (da Silva et al. 1994) , suggests two options, one for the wet and the other for the dry range: FC or sufficient root aeration and WP or possible root penetration, whichever is smaller or greater, respectively. Minasny and McBratney (2003) developed an integral energy concept as a measure of soil-water availability. It is calculated from the integral of the water retention curve of a given soil and provides information about the amount of energy and thus water availability. Mamo et al. (2000) stated that PAW may not be the best indicator of the positive effect of e.g. compost applications on plants' potential water uptake because it is a static measure. They suggested to use the leaf water potential instead, as it takes variability into account and makes it possible to consider other causes of improved crop water use after organic waste application (e.g. enhanced root growth, deeper root depth, larger input of root biomass). However, leaf water potential is a plant-based measure, which only works on cropped fields and that changes with climatic variations but does not indicate long-term soil changes through organic waste applications.
It is well known that not all PAW is readily available and that closer to WP water stress may occur in plants, as it becomes harder for roots to extract the water. Figure 2 illustrates the concept of PAW in the context of soil wetness. Despite the limitations from the crop and plant sciences' point of view, the PAW concept is useful for the purpose of comparing the longterm effects of organic waste applications on soil properties. Moreover, PAW was defined on a volume basis in a widely used handbook on soil physical methods (Romano and Santini 2012) . PAW as analogously to Romano and Santini (2012) Fig. 2 Schematic of water-filled pore volume; with decreasing water content, more pores are air-filled; beginning with the largest pores (diameter), the relation of pore size and matric potential is given in Eq. 1 defined in this paper is widely used and accepted, and water holding capacities at FC and WP are commonly measured; an available database on PAW values offers comparability between different locations as well as with older studies.
Purpose of the review and available database
The reviewed studies were investigating various types of organic wastes, focusing on their impact on soil water content in regard to sustainable agriculture. Only a limited number of relevant studies could be identified from title, abstract and keyword search, which moreover fit the criteria outlined in the following. 
Experimental sites differed concerning conditions and set-up, however, stressing longer-term research (≥9 years); the oldest experiment (Bad Lauchstädt, Germany, Fig. 3 ) included in this review had been running for 106 years at the time of investigation. More studies reported data based on FC at pF ∼2.5, stating either PAW directly or FC and WP; therefore, this pF level was chosen. Most studies reported FC at −30 or −33 kPa (pF 2.48 and 2.52, respectively) and WP at −1500 kPa (pF 4.18). The water holding capacity as the initial condition at the start of the experiment was rarely reported. Therefore, reference treatments in the form of (mineral fertilized) control treatments were used to show the benefits -if any -resulting from addition of organic amendments during the experiment. Hence, we compared the impact of mineral fertilizer application alone with that of organic amendments (plus mineral fertilizers where applicable).
In order to better understand the effects of exogenous OM addition on OC and PAW, these independent studies reported in literature were used. An overview over the locations is given in Fig. 3 ; more detailed information is provided in Table 1. 3 Impact of organic wastes 3.1 Soil OC content and bulk density Exogenous OM additions have been reported to positively affect OC contents and bulk density, for short-as well as long-term studies. The indirect impact of exogenous OM addition on bulk density may in fact be more pronounced than directly related OC increases (Eden et al. 2012b) . Figure 4a shows the absolute change of OC with respect to the input of exogenous OC applied with the organic amendments. Amounts of exogenous OC applied throughout the duration of the experiments range from ∼7 to 227 t/ha, while absolute changes in OC vary between 0.4 and 16.7 g/kg. There is a weak, but statistically significant relation between exogenous OC input and absolute change in OC in gram per kilogram (p < 0.05*) as well as relative percent change in OC (p < 0.05*). In another review on the impact of organic amendments on soil fertility (Diacono and Montemurro 2010) , this positive effect on OC content was also highlighted. For bulk density, ρ b (Fig. 4b) , a strong statistically significant linear relationship (p < 0.001***) between absolute change in OC and absolute change (decrease) in bulk density is observable. A decreasing bulk density with increasing OC content was also reported in an older review on the impact of exogenous OM (Khaleel et al. 1981) .
In order to examine the impact of the exogenous OM quality more closely, an indicator of residual OC (IROC in %) from exogenous OM application developed by Lashermes et al. (2009) under laboratory conditions was used. It is calculated as follows:
where SOL, CEL and LIC are the lab-derived soluble, cellulose and lignin + cutin-like fractions of total OM according to the Van Soest procedures (van Soest 1963; van Soest and Wine 1967) , respectively, and C3d is the proportion of amendment-derived OC mineralized after 3 days of incubation in the lab. The indicator basically denotes the proportion of exogenous OC contribution to soil OC, which then is referred to as residual OC. Based on data from a variety of organic wastes, they employed information on biochemical carbon fractions and carbon mineralization to predict residual OC after mineralization of more easily biodegradable organic fractions. According to Lashermes et al. (2009) , compared with field data of residual OC, values provided by the indicator appeared overestimated, which may be due to faster degradation of exogenous OC in the field than in the lab. However, Peltre et al. (2012) used IROC partition coefficients in a model for four long-term experiments with different durations and from different countries and found only slightly larger errors than when using partition coefficients fitted from local soil data. Relative percent change in OC represents the development of OC in amended vs. control plots, which have not received organic amendments. This increase in OC is hence owed to the impact of such applications. The necessary IROC data were only available for the French experiment (Qualiagro). Where no measurements were available, indicator values for the different types of amendments applied were taken from an online tool (Peltre 2012) to predict the evolution of OC following exogenous OM application, and residual OC was calculated for all treatments. Indicator values reported on this online tool are e.g. 67% for cattle (or dairy) manure, 54% for slurry, 55% for plant material and 82% for green waste compost. Using these indicator values, the amount of potentially efficient residual OC from the exogenous OM application was calculated. Addition of the respective amounts of residual OC with amendments as it is shown in Fig. 5 had a weak significant effect on relative percent change in OC (Fig. 4a) ; hence, residual OC may be a more useful parameter to highlight an impact of exogenous OM application on OC. Being based on the fractions and decomposability of the organic material added to soil, this method accounts for the quality of the amendment, not just the quantity applied. The results achieved with this method might be better if the IROC was based on individually measured data instead of averaged values as reported in the online tool.
The data seem grouped though, as can be seen in Fig. 5 ; nonetheless, no impact of texture (coarser vs. finer), climate (according to Köppen) or type of organic amendment could be discerned (data not shown). Regarding the type of organic amendment, it can be stated that most of the manure treatments are outside of the confidence intervals, as well as half of the compost treatments. Due to this and the fact that most compost treatments were within the narrow range of ∼0-40 t/ha residual OC, no conclusions based on input type were drawn. The scatter can be observed by comparing the numbers indicated near each symbol with the treatment ID from Table 1 . Other aspects than those investigated may play a role and cause these differences.
Volumetric versus gravimetric water content
Volumetric, θ, and gravimetric, w, water content, are both used to describe the water holding capacities of soils. Gravimetric water content can be determined in the laboratory by weighing soil samples at different moisture levels. The volumetric water content is related to w, by the soil bulk density, ρ b , as follows:
assuming that the density of water is ∼1 g/cm 3 (e.g. Brady and Weil 2008) . When using θ, the conversion to water depth (stated in mm) per soil horizon is straightforward. And since available water holding capacity (AWHC) is generally expressed in millimetre (water depth), volumetric water a b content allows for comparison between sites or calculation of irrigation needs:
where L is the length or soil depth (in 0.1 m) of interest. Due to the inclusion of soil bulk density, stating volumetric water content may also provide a different picture than when reporting gravimetric water content.
For the data reviewed here, the differences between gravimetric and volumetric water contents in the relation to relative changes in soil OC are depicted in Fig. 6a, b (FC and WP) and Fig. 6c, d (PAW) . There is a significant positive linear relationship between relative changes in OC and gravimetric water content for FC (p < 0.001***), WP (p < 0.01**) and PAW (p < 0.001***). In contrast, there is no relationship between ΔOCr and volumetric water content at FC and WP (both p > 0.05), but a seemingly significant positive relationship was found for PAW (p = 0.052). When including bulk density in the expression of soil water content, there no longer is a statistically significant positive effect of the relative percent change in OC content at FC and WP; for PAW, the degree of significance is reduced from strong to weak. This comparison suggests that gravimetric water content may not be suitable to highlight a positive influence of exogenous OM in respect to PAW, because density is disregarded, which in itself is strongly affected by the amendments (Fig. 4b) . It may rather create an incorrect impression of the impact of exogenous OM addition and the related change in OC on PAW and moreover disagrees with the definition by Romano and Santini (2012) mentioned previously. The results in Fig. 6 demonstrate that volumetric water content is more appropriate in this context, as it also allows for comparisons of the impact of organic waste applications on soil water content (e.g. FC, WP, PAW). Therefore, in comparative studies, volumetric water content is advised, even though on the global scale a b c d considered here, the effects of exogenous OM on PAW are not always significant. This may drastically change though, when focusing on an individual location.
Water holding capacity
3.3.1 Water retention at FC and WP OC and water contents at FC and WP changed with exogenous OM addition. With increasing difference in OC between control and amended treatments, the difference in total water holding capacity is expected to increase as well. This is owed to the simple fact that OM additions enhance macro-aggregate formation and stability, thus increasing the pore volume and simultaneously decreasing bulk density, which essentially increases the space available to hold water. Figure 6b shows the relations between relative changes in soil OC and relative changes in FC as well as WP on a volumetric basis. Statistical analysis confirmed no correlation between relative changes in soil OC and relative changes in FC or WP. The relative percent changes in OC added through exogenous OM do not explain the relative percent changes in water retention at FC and WP. This may be due to management practices, different quality of amendment, impact of climate and induced hydrophobicity. However, neither residual OC serves as an explanatory parameter, nor are relative changes in θ at FC or WP linked to this portion of exogenous OM (data not shown).
In spite of the lack of relation between relative changes in soil OC and relative changes in FC or WP (including decreases in FC or WP), total water holding capacity may still be improved via increases in the pore volume between FC and saturation (macropores).
Water retention between FC and WP
As can be seen in Fig. 6d , there is a positive linear relationship between the additional OC and relative percent changes in PAW. For 31 of 36 amended treatments, an increase in PAW was observed; in five cases, PAW decreased. Four of the cases with decreases in PAW in amended plots were encountered in a single study (Leroy et al. 2008 ): treatment IDs 15-18. However, this aspect was not part of their discussion, and hence, no potential reasons were mentioned. Therefore, it can only be hypothesised that the compost used contained hydrophobic OM. They investigated five amended treatments, of which four received compost with or without slurry addition and showed decreased PAW; the remaining treatment with increased PAW received only slurry (treatment ID 14). Since 31 amended plots displayed increases in PAW, it shows that-according to the expectation-exogenous OM addition generally improves PAW.
Distinguishing between the two types of amendments most often applied (composts and manures) in the studies revisited does not reveal any notable differences on PAW (data not shown). The stabilization of organic materials during the composting process did not exert a discernible effect on percent changes in PAW compared to fresh organics contained in an untreated product like manure. The differences in the effects of fresh vs. composted amendments may have further been masked, e.g. since manure (i.e. fresh) is often stockpiled, left to rot and decompose before field application. However, one type of compost led to decreases in PAW (vegetable, fruit and garden waste compost in treatment IDs 15-18), while there was no such case for manure among the reviewed studies. Overall, more studies would be needed to make a comparison between amendment types, e.g. n ≥ 30 of each.
The influence of exogenous OM addition on water available for plants changes, when setting FC at pF 2. Seven of the 17 studies report water content at both, pF 2 and ∼pF 2.5; these studies cover 19 amended treatments. When using pF 2 as FC, only one of the treatments (ID 18), previously found to negatively affect PAW, displays a reduced amount of water available for plants Values in italic indicate the larger increase when comparing the two; for one treatment (ID 18), both changes are negative FC field capacity, PAW plant available water compared to control (Table 2) . Also, two of three compost-amended treatments by Arthur et al. (2011) (treatment IDs 20 and 22) display reduced PAW under these conditions (Table 2) . However, the high sand content (c.f. Tables 1 and 4 ) may be the relevant soil property for treatments 20 and 22. In 13 treatments, relative percent changes for PAW are larger when using pF 2 as FC, and for one treatment, the decrease is smaller (Table 2) . This means that the additional pore volume in the range between ∼9.5 and 30 μm equivalent pore diameters (Eq. 1) can have a pronounced effect on PAW. Hence, the data from the long-term experiments confirm that the suction threshold definition and the actual measured water content at FC have a big influence on PAW.
The correlation between relative percent change in PAW and total input of exogenous OC or residual OC in the amended systems was not significant (data not shown). Consequently, the total OC input and its residual fraction are relevant but not statistically significant indicators for the impact of a given amendment on the dynamics of FC and WP. Other variables of the experiments investigated must play a role; the various interactions are too complex and cannot be described merely by amendment.
Predicting soil water retention

Impact of texture and carbon content
Soil water retention is a crucial property and ecosystem service in regard to agricultural land use. A drying branch of the equilibrium water retention can be measured relatively reliably and reproducibly in the laboratory, but the method is time-consuming and special equipment is needed (Dane and Hopmans 2002) . The most common approach is based on sand boxes and pressure plates, where many samples can be run simultaneously, but equilibration takes time to determine only a few points of the water retention function. A faster approach applies the evaporation method, but multiple set-ups are needed to run samples simultaneously. In order to avoid the laborious measurements and to be able to deal with large data sets, numerous hydraulic PTFs have been proposed, which should provide approximations of the soil hydraulic properties (e.g. Hudson 1994; Pollacco 2008; Rawls et al. 2003; Wosten et al. 2001) . Number and size distribution of pores as well as soil-specific surface area of solids greatly affect the water holding capacity (Gupta et al. 1977; Haynes and Naidu 1998) . Pore sizes and surface areas themselves are affected by OC in multiple ways (e.g. via aggregation, bulk density, biological activity). Water holding capacity around FC is primarily influenced by the volume of pores smaller than ∼30 μm (depending on the definition of FC, c.f. Eq. 1), whereas the surface area and thickness of water films determine water holding capacity of the soil for pF values around WP.
The PTFs proposed by Rawls et al. (2003) in particular take OC into account and were derived for FC (at −33 kPa) and WP (at −1500 kPa) as stated in the following: The input data needed include contents of sand, clay and OC and thus account for the effect of OC content on the relationship between textural components and water retention. Table 3 gives measured and predicted values for FC and WP for a subset of 11 of the studies revisited, which reported all textural information necessary for using the PTFs of Rawls et al. (2003) . The predictions were derived for the control soils and those treatments inducing the largest increase in OC for each of these studies. For five soils, the predicted values are fairly close to the measured ones at both points for both treatments (control and amended). In four cases on three soils, FC is larger than the given deviation (root-mean-square error of the prediction); regarding WP, this is the case in eight instances on five soils. The predictions were particularly poor for a clayey soil from India (Hati et al. 2007 ) and lead to a predicted reduction in PAW for the amended soil. Three studies from continental Europe, one from North America and one from China were well predicted; two studies from Burkina Faso and India had the poorest predictions. However, there were also shortcomings for the predictions in some studies from continental Europe. Therefore, similar pedoclimatic conditions as those studied by Rawls et al. (2003) had no obvious impact on the prediction accuracy. This is exemplified by two studies conducted near Ghent, Belgium, where one was well predicted unlike the other.
Overall, there are no trends regarding overestimation or underestimation by the PTF of the values for FC and WP. Of a total of 44 PTF-derived water contents (Table 3: FC and WP for 11 experiments and two treatments each), 32 were well predicted and 12 deviated by more than the root-mean-square error indicated by the authors for these PTFs. Regarding PAW, the PTFs well predicted 20 of 22 values; for one study (Ouattara et al. 2006 ), PAW was overestimated, which, however, is rooted in the overestimation of FC. Hence, the PTFs provided by Rawls et al. (2003) can be useful in approximating FC, WP and moreover PAW in experiments with differing OC contents, with some exceptions though. In regard to PAW, it is important to point out though that the PTFs usually lead to increased PAW. Hence, it is necessary to note the one exception (Hati et al. 2007) in Table 3 , which displayed a slightly higher PAW for the control; this may be linked to the high clay content. The data by Leroy et al. (2008) with reduced PAW in compost-amended soils were not well predicted. Except for these studies, the data here confirmed their conclusion (Rawls et al. 2003) that water retention at FC is more strongly affected by OC content than that at WP, which means increases in PAW. Including OC content in their functions led to a larger decrease in root-mean-square error at FC.
Furthermore, errors and deviations may occur due to the fact that different particle size classes with different boundaries were applied by the different authors when determining texture, this cannot be made uniform afterwards. Moreover, the boundaries of textural classes may differ in grain size from those applied for the creation of these PTFs (silt size: 50-2 μm), but this information is not always included in the studies. Additionally, the slightly differing pF levels for determining the values of FC and WP used by the various authors could cause deviations regarding the prediction accuracy, but no consistent higher or lower water contents depending on the pF actually measured were found.
Impact of organic waste addition
Some 35 years ago, Khaleel et al. (1981) published a widely cited review on the impact of organic waste applications on soil physical properties, also addressing water holding capacity (on a weight basis). They concluded that 80% of the observed variations in percent increases in water holding capacity could be explained by texture and OC. More specifically, they observed that 1. Increases in water holding capacity at FC and WP are larger for coarser-textured soils than for finer-textured soils. 2. For finer-textured soils, increases in % water holding capacity are larger at FC than at WP. 3. For coarser-textured soils, the sand percentage produces larger increases in water holding capacity at WP than at FC.
They continued to reason that with equal increases at FC and WP, no net gain might be achieved in PAW. And since increases in OC decrease bulk density, this decrease might counterbalance an amendment-induced increase in PAW on a weight basis. However, in their study, gravimetric water content is reported which does not take bulk density into account, whereas in the present study, volumetric water content is used.
The key findings taken from their study were further examined and reassessed using the independent data compiled in this review; instead of gravimetric, the volumetric water contents were used. The data set was divided according to texture: a b Fig. 7 Relative percent changes in volumetric (a) FC and (b) WP for finertextured (blue symbols) and coarser-textured (orange symbols) soils as a function of the absolute change in soil OC due to amendment. The dashed lines roughly divide coarser-from finer-textured soils in both (a, b). Data from Leroy et al. (2008) are excluded (FC field capacity, WP wilting point, ΔOCa absolute change in organic carbon) finer and coarser. Sandy loams for instance are considered as coarser-textured, while silt loams are considered as finertextured soils (c.f. Table 1 ). Two studies are not included in Fig. 7 , Bandyopadhyay et al. (2011) did not report FC or WP, and in the study of Leroy et al. (2008) , the reductions in FC and PAW cannot be explained. Concerning statement 1 of Khaleel et al. (1981) , there appears to be a trend confirming larger percent increases in FC and WP for coarser-textured soils (Fig. 7) . Dashed lines in Fig. 7a , b roughly separate coarser-and finer-textured soils. It shows that relative changes in water content at FC and WP are larger for coarser-textured soils, already at small absolute changes in OC. Regarding statement 2, Fig. 8 illustrates relative changes at FC and WP for finer-textured soils, but unlike in Fig. 7 , data pairs of individual studies are discernible. Figure 8 shows larger increases for FC than for WP for most soils. However, this is not true for those from Eden et al. (2012b) (treatment IDs 9-12) and one treatment (ID 4) in Qualiagro, which are circled in Fig. 8 . Both of these experiments are located on silt loam loess soils and contain ca. 8 and 15% sand, respectively. For Du et al. (2009) , two of three treatments showed reductions at both, FC and WP, and are therefore not included in Fig. 8 , as it makes no sense to look e.g. at smaller decreases. Nonetheless, statement 2 does not hold true for all treatments in these experiments. Also, when looking at gravimetric water content (data not shown) in this context, the statement cannot be fully confirmed either.
Regarding the last statement of Khaleel et al. (1981) , it is necessary to employ the PTFs that they produced for relative percent increase in gravimetric water holding capacity at FC and WP, here referred to as FC G and WP G , using absolute change in OC and sand content. The equations are stated in the following:
In order to apply these PTFs, the subset of studies presenting sand content was used again and water holding capacities were transformed from volumetric to gravimetric. From a total of 22 predictions in Table 4 , 14 were more than 5% different from the measured percent increases in FC or WP; in eight cases, the difference even was 10% or more. Even though these PTFs were specifically derived from the assessment of the impact of organic amendments on water holding capacity at FC and WP, they present rather large deviations from the actual values in a number of cases. Only for one study (Eden et al. 2012b) , the predictions were fairly close to observed data for both, FC and WP; interestingly, this was the same study that disagreed with statement 2.
Moreover, regarding statement 3, it showed that it was true only for soils with very large sand contents. Using a fictional range of absolute change in OC from 0.1 to 1.5 g/kg, the threshold sand content was between 86 and 83%, respectively, when relative percent change in water content at WP became larger than at FC. Only one study (Arthur et al. 2011 ) was above the threshold sand content, and in two of three treatments (ID 21 and 22) in that study, relative percent change at WP was in fact larger than at FC.
Predictions might have been better if the conventions used to determine texture (grain sizes) had been the same throughout the present review, but also Khaleel et al. (1981) could not have corrected for this in their review, all the while silt sizes differed in their references (e.g. 20-2 μm (Williams and Cooke 1961) vs. 50-2 μm (Haghiri et al. 1978) ). Consequently, already their PTFs were based on data with differing particle sizes. Another issue is that Khaleel et al. (1981) included a data set reporting moisture (8) equivalent (Klute and Jacob 1950) instead of FC, which they also noted, but yet used. The method to obtain moisture equivalent had been described in 1907 (Briggs and McLane 1907) and was already disputed in 1926 (Thomas and Harris 1926) . For another data set (Williams and Cooke 1961 ) from a long-term experiment, the information on water holding capacity and bulk density taken together appears incorrect and it remains unclear how Khaleel et al. (1981) interpreted these values as available water capacity (difference between moisture contents at FC and WP in % by weight). At least these data were not included in the deduced PTFs though. Only three of the studies included by Khaleel et al. (1981) ran for 9 years or more: the aforementioned studies by Klute and Jacob (1950) and by Williams and Cooke (1961) could not be used here for the reasons stated earlier. With two of three studies eliminated, it appeared less meaningful to reuse the data reported by Khaleel et al. (1981) .
Finally, the impact of finer-vs. coarser-textured soils on relative percent change in PAW was investigated (Fig. 9) to examine if any notable differences between them are discernible. However, both types of texture led to similar changes in PAW; the range was −21.6 to 48.1%, while most studies showed increases between 0 and 30%. Reductions in PAW were observed in two of the studies (Leroy et al. 2008; Du et al. 2009 ), which therefore are not included in Fig. 9 . An impact of texture on changes in PAW cannot be determined here.
Impact of climate
The benefit of additional PAW may be of particular interest in areas with insufficient precipitation, regarding plant production, and where irrigation is being used. Figure 3 shows the locations of the various experiments, and it is obvious that different climates prevail in these places. However, not all studies report climatic information and that reported is inconsistent. Therefore, a web tool (Climate-Data), using a climate model and location data from the "OpenStreetMap project", was employed to determine the climatic data in a uniform manner according to Köppen (1918) . Table 5 gives an overview of the climates encountered and shows that while A to G and Q do not feature dry seasons, H to P do. Hence, increased PAW might have even greater importance for the studies H to P, particularly during drier seasons. At the same time, it is important to keep in mind that also, in areas considered as temperate without dry season, irrigation is often applied, in order to supply crops with sufficient water, optimize plant growth and maximize yields. Consequently, also, in these areas, increases in PAW are important.
Climate may affect PAW through its impact on OM, specifically its decomposition. According to Brady and Weil (2008) , high temperatures (annual mean of 25-35°C) and low rainfall lead to rapid OM decomposition, but low OM accumulation. For I, J, L, M and N, these conditions are met during the dry season, but not year-round. At lower temperatures or moister conditions, OM is more likely to accumulate. Anaerobic conditions promote OM accumulation at most temperatures, compared to aerobic conditions (Brady and Weil 2008) . This means that for all experiments, favourable conditions for OM accumulation are-at least temporarily-given. Hence, structure formation and aggregation are supported, which may manifest itself in PAW increases through formation of pore space in the respective range. Figure 10a shows relative percent changes in PAW for soils with or without a dry season; when separating the two by a dashed line, an exception to this can be discerned. It may possibly be explained with its origin from a cold climate (cf. This climatic division moreover reveals a meaningful difference between the experiments: most of those above the dashed line have OC contents below 10 g/kg for the control treatments (Table 1) and-where available-also lower initial OC contents. When depicting relative changes in PAW as a function of relative changes in OC, the exception is again the soil from F, another soil from a cold climate: H, and a soil from a hot climate: I (Fig. 10b) . This parameter (OC content of control) is easier to obtain than the climate classification as it is reported in all selected studies. Moreover, it appears reasonable that for soils lower in OC, additional carbon input from organic amendments may have a more pronounced impact on structure forming potential affecting PAW than for soils with initially already higher OC content. Figure 10b suggests that the same relative increase in OC may induce a larger relative increase in PAW in soils with initially low OC content. Fig. 9 Relative percent changes in PAW for soils with finer (blue) or coarser (orange) texture as function of absolute changes in soil OC. Data from two studies are excluded (Du et al. 2009; Leroy et al. 2008 ) (PAW plant available water, ΔOCa absolute change in organic carbon) Where the exact location could not be found with the web tool, nearby towns were taken instead. Where rainfall and temperature were provided, they are listed in brackets next to the values from the web tool a b Fig. 10 Relative percent changes in PAW for soils from areas (a) with (grey) or without (purple) dry season as function of absolute change in soil OC (data from study F with cold climate presenting an exception is highlighted with arrows) and (b) relative percent changes in PAW as function of relative change in soil OC differentiating soils with OC content in the control treatment above (purple) or below (grey) 10 g/kg (the exceptions F, H, and I are circled). The respective different groups in each (a, b) are separated by dashed lines. Data from two studies are excluded (Du et al. 2009; Leroy et al. 2008 ) (PAW plant available water, ΔOCa absolute change in organic carbon, ΔOCr relative change in organic carbon, OC CNT organic carbon control treatment)
Summary and conclusions
Numerous independent studies confirmed a positive influence of organic waste application on water holding capacity; but also the opposite was reported. This review demonstrated that across continents, climate zones and soil types, PAW and consequently available water holding capacity (in mm) in the topsoil are generally improved following organic waste application from various sources. In all experiments, PAW increases were observed, and in 15 of these experiments, this was the case in all amended treatments. In two experiments, reductions in PAW for some of the treatments were found. Addition of organic material to soil is expected to manifest itself with increases in OC content in the incorporation layer. However, we found no significant relationship between absolute change in soil OC and total exogenous OC application via organic amendments, when considering results from all field long-term experiments at four continents in the analysis (Fig. 4a) . Using the indicator of residual OC, which provides information regarding the quality of organic material contained in organic waste, a significant relationship between the amount of residual OC from the amendments and relative OC percent change could be established. The results suggest that the applied amount of residual OC was better suited than the total amount of OC applied to explain the changes in soil OC.
PAW is more sensibly reported on a volumetric basis to allow for relatively simple conversion to depth of water; therefore, studies should always determine the soil bulk density along with the soil water retention. This is especially relevant in an agronomic context as well as when looking at water scarcity and irrigation needs. Moreover, when working with plants' water needs, it is important to take into account that plants also use water from deeper subsoil horizons. The effects of organic waste applications on the soil OC and PAW are largely limited to the topsoil, where amendments are incorporated and which hence is affected by cultivation (Wiesmeier et al. 2012) . At the same time, a portion of the OM applied with amendments is likely to enter the subsoil, by different means (e.g. root channels, burrows). Regarding the influence of water-soluble OC percolating into the subsoil, Hobley et al. (2016) pointed out the importance of land use impacts on soil physical properties. Changing bulk density in cropped soils triggers changes in the pore system and may thus affect e.g. percolation. Ideally, when determining PAW, the entire soil profile containing plant roots should be considered. Being just a fraction of the total (topsoil and subsoil) PAW, topsoil PAW is nevertheless extremely important e.g. for the establishment and the initial growth period, among others.
Another issue is that PAW strongly depends on the choice of the matric potential for the water content at FC. This was demonstrated for data from those experiments that stated water contents at two of the suggested matric potentials. Therefore, in an agronomic context, it may be beneficial to determine the water content of FC in the field, in order to minimize deviations and to derive a more realistic value of the PAW. The results from the different field experiments may be better compared when using the relative changes in FC or PAW.
Across all experiments, relative percent changes in PAW on a volumetric basis are weakly, significantly affected by relative percent changes in OC; however, relative percent changes in FC or WP were found to be not related with the relative percent changes in OC. While the two soil water retention values (i.e. FC and WP) were hence not significantly affected by the organic waste applications, PAW as the difference between the water contents at WP and FC was indirectly related to those applications. So, FC and WP are changing with application of OC such that the difference (PAW) is still related, but the amounts are not statistically significant. Using more data sets might affect this analysis.
Regarding the prediction of FC and WP, and thus PAW, two sets of PTFs were tested on the experiments that reported textural information. The PTFs by Rawls et al. (2003) are fairly well suited to predict FC and WP; for PAW, they performed even better. Fifty-two of 66 water contents and six of 11 soils were well predicted lying within the range of error indicated. However, the reductions in PAW encountered in one of the experiments could not be described by any of the PTFs, which was though expected. Nonetheless, the data here confirmed the conclusion of Rawls et al. (2003) that water retention at FC is more strongly affected by OC content than that at WP, which means that PAW increases. This appears to contradict the previous conclusion, as FC and WP are obviously related to OC here, but Rawls et al. (2003) for one used a much larger data set (12.000 samples) and moreover found increases in PAW, which were explained by larger increases at FC than at WP.
Using the observations by Khaleel et al. (1981) , the data in this review show a trend that in coarser-textured soils, increases in OC may increase water holding capacity at FC and WP more than in finer-textured soils. Also, most finertextured soils display larger increases in water holding capacity at FC, but not all. The PTFs provided by Khaleel et al. (1981) provide less accurate predictions than those by Rawls et al. (2003) even though they are based on OC increases from organic waste additions. This may be due to e.g. the smaller database and the textural classes' varying grain sizes used in the creation of the PTFs by Khaleel et al. (1981) . It may also be rooted in the fact that only the sand fraction is included, while Rawls et al. (2003) also included clay. Disregarding the clay fraction means not to take into account the amount of mineral particles that have the largest surface area. Therefore, the PTFs by Rawls et al. (2003) must be expected to perform better and should be preferred. On PAW, no impact of texture in terms of coarser or finer could be discerned. While texture can be used to get an idea how small changes in OC might affect water holding capacity or whether increases in water content are larger at WP or FC, it apparently cannot be used to predict the changes in PAW in such a generalized way. This seemingly contradicts the findings by Rawls et al. (2003) , but the differentiation here into coarser and finer may just be too broad compared to their precise inclusion of textural composition. Moreover, their larger data set may again play an important role in this context.
Dividing the experiments according to their prevailing climate revealed differences, which may either be ascribed to presence or absence of dry seasons or they may be due to different initial OC contents (as these data were often missing, the OC contents of controls were used, assuming that these treatments preserved a similar OC content). Both aspects may also be linked as the climatic conditions may affect the OC content. Studies conducted in regions with dry seasons and lower OC content in the control (<10 g/kg) showed larger increases in PAW in regard to the increase in OC than studies from regions without dry seasons.
It would be of great interest to obtain more specific information regarding e.g. a specific region or climatic zone (beyond the division regarding the presence of dry seasons); however, more and additional data sets (experiments) are needed for such an analysis. This review contains 36 amended treatments, which satisfies the 30-sample rule of thumb for statistical analysis, while a subset e.g. for a specific region would not. A number of 36 treatments are also more than the amount of amended treatments stating PAW reported by Khaleel et al. (1981) , which were 28 in total but only 12 from long-term experiments (14-85 years duration). In order to increase data availability, also, older publications or experiments with a shorter duration could be included.
Across all investigated aspects, organic waste amendments have shown to generally improve the investigated soils' FC and WP and increase OC and PAW in the incorporation layer. It follows that soils provided an improved basis for plant production without increasing irrigation or land used for agriculture. While texture also plays an important role, it shows that the type of organic amendment is crucial, as it alters PAW also in otherwise identical soils within the same experiment (cf. Table 1 , map ID A, C, D, E, G, J, K, Q). This raises the issue of the quality of OM applied through the amendments. In this review, also, due to the limited data availability in the studies investigated, this aspect was not addressed in depth. However, it presents an important topic and it would be of interest to further investigate it. While the impacts of organic waste amendments on topsoil physical properties have been investigated e.g. in the reviewed studies, their influence on subsoil properties has received less attention and could be of particular interest in long-term experiments, where differences may have slowly evolved over time. Also, the observation of a possible effect of the initial OC content on structure formation related to PAW should be investigated; no study on this was found. Already at this point though, it can be stated that organic wastes recycled in agriculture are in fact beneficial for PAW.
